While northern and southern Chinese are genetically correlated, there exists notable environmental differences in their living conditions. This study aimed to evaluate validity of the southern Chinese reference dataset for dental age estimation applied to northern Chinese. Dental panoramic tomographs of 437 northern Chinese aged 3 to 21 years were analysed. All the left maxillary and mandibular permanent teeth plus the 2 third molars on the right side were scored based on Demirjian's classification of tooth development stages. Mean and standard error of dental age were obtained for each tooth development stage, followed by random effect meta-analysis for mean dental age estimation. Validity of the method was examined through measures of agreement (95% limits of agreement, standard error of measurement, and Lin's concordance correlation
Introduction
Many physical indicators can be used for age evidence if there is no documentation to confirm a person's chronological age. Such indicators include skeletal maturation, height/weight measurement, and emergence of secondary sex characteristics, tooth wear, and dental development [1, 2, 3, 4] . Comparisons have been made among these methods and the conclusions revealed that dental development correlates more closely with chronological age for children, adolescents and emerging adults as it is less affected by environmental factors [5, 6, 7] . Among the several methods of dental age estimation, the radiographic approach is simple, non-invasive, and reproducible [8] . The reason why Tooth Development Stages (TDSs) can be used for age estimation is because the timing of all stages of tooth development follows a sequential and organised pattern, from the initial calcification of enamel until complete root formation. TDSs have been extensively studied since 1960s and several methods of dental age estimation such as the Demirjian's method [9, 10] , Nolla's method [11] , and Cameriere's method [12, 13] have been developed. In particular, the Demirjian's method [9] proved to be effective and reliable [14, 15] . Following Demirjian's method, different datasets for dental age estimation have been set up for different ethnic groups, for example, the French-Canadian dataset [9] , the UK dataset of Caucasians, and the AfroTrinidadian dataset [16] . To facilitate the development of these reference datasets, Dental Age Research London Information Group (DARLInG) has established a universal database for dental age estimation. In conjunction with DARLInG, a whole reference dataset for southern Chinese population has been built up and validated by Jayaraman and his colleagues [17] . Considering the wide applicability of the Demirjian's method and the availability of existing reference dataset for southern Chinese, the Demirjian's method was used for dental age estimation in the present study.
northward migration extended into northern China and Siberia. Therefore, southern populations in eastern Asia are much more polymorphic than their northern counterparts [18, 19] . In China, an apparent genetic difference can be observed between northern and southern residents [20] . The differences in distinctive patterns of Y chromosome [21] , mitochondrial DNA (mtDNA) polymorphism [22] , 14-bp insertion/deletion frequencies in HLA-G, allele and haplotype frequencies of HLA-G and HLA-A loci [23] , 13 contiguous single nucleotide polymorphisms (SNPs), zinc finger protein (ZNP) 510 and ZNP782 [24] have already been detected by researchers. Notable environmental differences exist between southern and northern China which can be geographically divided into the northern and southern area by the line of the Huai River-Qin Mountains. Southern China has a warmer and more humid subtropical climate than northern China's temperate climate. The dietary pattern also varies significantly between the southern and the northern Chinese that closely adheres to the climatic conditions. The northern Chinese consume more wheat based diet compared to southern whose stable diet is mainly rice. Such genetic and environmental differences have led to distinctive physical and dentofacial [25] characteristics in southern and northern Chinese. According to general phenotypes, northern Chinese may have taller, broader body types, heavier body weight, smaller eyes, fairer skin, and longer faces; while southern Chinese may have shorter, narrower body types, lighter body weight, a darker complexion, rounder faces, bigger eyes with double eyelids, and shorter necks and limbs. It has been claimed that due to a warmer temperature, southern Chinese might have higher metabolism rates, and thus an earlier but shorter pubertal growth period [26] . According to a national survey, the average male height of northern China was 175.31 ± 6.09 cm in Shandong Province and 174.97 ± 6.76 cm in Beijing, while the average male height may range between 167.51 ± 5.84 (Guizhou province) and 172.42 ± 5.19 cm (Fujian province) in southern China [27] . Variations in skeletal development between the northern and southern Chinese also initiate a question of such existence in dental development.
Several differences in phenotypic expressions between northern and southern
Chinese have been established; however, the pattern of dental development between these populations has not been explored. Hence, it is uncertain whether the dataset for dental age estimation of the southern Chinese is applicable to the northern Chinese population. Dental age estimation is important because it is frequently used for anthropological and archaeological studies, and for civil, legal, criminal and forensic practices. The method could be possibly employed to estimate children of northern Chinese origin whose births had not been registered.
Using retrospectively collected panoramic radiographs, the purpose of the present study was to evaluate validity of the southern Chinese reference dataset for radiological dental age estimation according to Demirjian et al. [9] applied to a northern Chinese population.
Materials and methods

Sampling
The protocol for this study was approved by the Institutional Review Board of the University of Hong Kong − West cluster Hospital authority (IRB No. UW 12-280).
The sample of northern Chinese was selected from the most recent patient list in the archives of the School and Hospital of Stomatology, Peking University using a systematic random sampling method. Dental panoramic radiographs taken previously for diagnostic purposes were re-used in this study. The inclusion criteria were:
• chronological age of participants aged 3 to 21 years
• both parents of northern Chinese origin of Han ethnicity
• both date of birth (DOB) and date of radiograph (DOR) available
The exclusion criteria were participants with:
• systemic diseases or syndromes that would affect skeletal and dental growth
• localised oral pathology, anomalies or impacted teeth that would affect dental growth • severe malocclusion
• present or history of orthodontic treatment
• DPT of poor quality in which one or more targeted teeth cannot be scored
The sample was grouped into 18 age levels by a yearly interval. Similar to a previous study [13] , we required least 10 participants for each age by sex group.
Data collection
Participants' panoramic radiographs and their personal information related to chronological age (Date of birth, DOB and Date of radiograph, DOR) were collected from the existing records. Each panoramic radiograph was assigned a code, scanned at a resolution of 300 dpi in grey-scale format, and stored as a JPEG image with dimensions of 2440 × 1280 pixels (Epson scanner 1000XL, Epson Inc, USA). Chronological ages of the participants were calculated by subtracting DOB from DOR and were stored in unit of years with two decimal places. The digitised panoramic radiographs and the participants' chronological ages collected from Beijing were brought to the Hong Kong centre for scoring and analysis.
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Scoring of the radiographs
All of the scanned panoramic radiographs were scored independently and randomly (using the random numbers generated electronically) by two trained and calibrated examiners who were blinded to the chronological age (CA) and sex of each participant. The digitised panoramic radiograph was viewed on a widescreen monitor (Philips 201E, Philips Electronics, Taiwan). Microsoft Office Picture Manager (Microsoft Corp, USA) was used and when required the panoramic radiographs were magnified up to 2x times for identification of the dental development stages. All the left maxillary and mandibular permanent teeth plus the 2 third molars on the right side (total 18 teeth per participant) were scored based on Demirjian's classification of tooth developmental stages [9] . The classification system has eight stages starting from the initial calcification side was missing or difficult to read, the contralateral tooth was assessed. A Microsoft Access (Microsoft Corp, USA) database was used for data entry. Ten percent of the panoramic radiographs were randomly selected using the random numbers generated electronically, and the tooth developmental stages were re-evaluated two weeks later to test the inter-examiner and intra-examiner reliabilities.
Dental age estimation
For each panoramic radiograph, mean dental age (DA) and the corresponding standard deviation and standard error were obtained from the established southern Chinese dataset [17] . A tooth at stage H, which denotes a closed apex, was excluded from data analysis, as it was impossible to identify the time of root completion from a single snapshot radiograph [28] . Using the meta-analysis routine of STATA statistical package (StataCorp, Version 13.1, Texas, USA), the dental age of each participant was calculated using the standard error as the weighting factor for the random effects model [29] . The final output of the metaanalysis computation was generated as forest plots (see Table 1 and Fig. 2 for an example of one subject in this study). The estimated mean dental age, together with its corresponding upper and lower 95% confidence limits, was used as DA in this study.
Developmental stage of each tooth is indexed by four characters, where the first distinguishes upper (U) from lower (L) dentition, the second distinguishes left (L) from right (R) side, in the third place is a number indicating location of a tooth in each quadrant (1 to 8 represent tooth from central incisor to third molar), which is followed by the scored developmental stage of the tooth according to the Demirjian's method.
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Statistical analysis
Inter-and intra-examiner agreement in assessment of tooth developmental stages were estimated using Cohen's Kappa and the coefficients were interpreted according to the classification scheme proposed by Landis and Koch [30] .
[ ( F i g . _ 1 ) T D $ F I G ] Fig. 1 . The tooth development stages described by Demirjian et al. [9] .
Article No~e00216 Table 1 . An example of the data entered into STATA software for a female subject (CA = 10.23 years). The corresponding forest plots of meta-analysis of dental age estimation is shown in Fig. 2 [ ( F i g . _ 2 ) T D $ F I G ] Fig. 2 . Forest plot generated from meta-analysis weighed by standard error of each TDS for a female subject (the same subject for Descriptive statistics for chronological age (CA) and dental age (DA) were given as means and standard deviations for each age by sex group as well as for all age groups pooled by sex. For the purpose of validation of southern Chinese reference dataset, we distinguished measures of agreement from measures of reliability. A measure of agreement quantifies the absolute magnitude of difference between CA and DA in unit of years [31] . It reflects the ability of the two age assessment methods to yield the same value. Measures of reliability, on the other hand, are relative measures of variability among participants in relation to measurement error [31] . They provide insight into the ability of the proposed method to differentiate participants of different ages. Parameters of agreement and reliability are both estimated in this study in that it has been noted that dependence solely on one set of parameters might lead to wrong conclusions [32] .
Level of Agreement
The 95% limits of agreement were calculated as mean difference between chronological age (CA) and dental age (DA) ± 1.96 X standard deviation of the differences as proposed by Bland and Altman [33] . This was carried out separately for each age by sex as well as for all age groups pooled by sex. The 95% limits of agreement represent the range of values that 95% of the difference between CA and DA would fall into. Interpretation of the 95% limits of agreement should be focused on the lower or upper bound of this interval, whichever is larger in absolute magnitude, to determine if difference up to that magnitude is clinically acceptable. Bland-Altman plots [33] were obtained for both sexes by plotting the difference between CA and DA against their average value for each participant.
Standard error of measurement (SEM) has been advocated as a suitable measure of agreement [32] . This measure was calculated as the square root of error variance and was also reported in this study. Lin's concordance correlation coefficient, a bias corrected version of Pearson correlation coefficient that determines the degree of deviation from the 45°line of concordance, was also calculated [34] . In addition, CA was plotted against DA for each participant separately for females and males.
Reliability testing
Intra-class correlation coefficient (ICC) was used as a measure of reliability. Two-way random effects model for single measurement, corresponding to ICC (2,1) of Shrout and Fleiss' six types of ICC [35] , was applied to data for each sex. Values of ICC represent the proportion of variability in participants' estimated ages attributable to real chronological age differences. All measures of agreement and reliability were calculated in R version 3.3.0 [36] . Estimation of
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Cohen's Kappa and ICC were performed using the psych package version 1.6.4 [37] in R.
Results
Participants
A total of 437 participants were recruited, among which 240 were females and 197
were males. Chronological age of the participants ranged from 3 to 21 years for females and 3 to 20 years for males ( Table 2 and Table 3 ). Inter-and intraexaminer agreements were tested on 50 panoramic radiographs with 774 Tooth Developmental Stages (TDSs). The kappa values were 0.866 (almost perfect) and 0.854 (almost perfect) for intra-examiner agreement and were 0.802 for interexaminer agreement (almost perfect). All discrepancies were within one TDS. Table 2 and Table 3 summarises descriptive statistics for chronological age (CA) and dental age (DA) and measures of agreement for females and males, respectively. Mean CA were 11.17 years for females and were 11.01 years for males. Lower and upper bound of the 95% limits of agreement for the age groups were mostly within 2 years. Using data pooled across age groups, BlandAltman plot ( Fig. 3a and b) showed that the differences between CA and DA were randomly distributed around the mean difference of −0.06 years (SD 0.78 years) in females and −0.10 years (SD 0.70 years) in males. However, a trend was noted that points representing participants of older ages appeared to be more scattered than those representing younger participants. A similar trend was also observed when CA was plotted against DA ( Fig. 4a and b) . The 95% limits of agreement were also illustrated on the plot. Approximately 95% of the n, number of participants in the corresponding age group; CA, chronological age in years; DA, dental age in years; LoA, limits of agreement; SEM, standard error of mean.
Level of agreement
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discrepancies between CA and DA were expected to lie within −1.58 years to 1.47 years for females and −1.48 years to 1.28 years for males. For both sexes, most of the discrepancies were within 1 year and more than half were within 0.5 years.
[ ( F i g . _ 3 ) T D $ F I G ] Except for the female 19.00-19.99 age group that showed a standard error of measurement (SEM) of 1.01 years, SEM for all other female and male age groups were smaller than 1 year. Lin's concordance correlation coefficient was 0.989 for females (95% CI 0.986-0.991) and 0.989 for males (95% CI 0.986-0.992), both of which were very close to the upper limit of 1.0 when there is perfect concordance.
Reliability scores
The intraclass correlation coefficient (ICC) values were as high as 0.99 for both sexes, suggesting excellent reliability according to Cicchetti et al.'s [38] guideline of cut-offs for ICC. Thus almost all variability in the assessed dental age reflected genuine chronological age differences among the participants, while measurement error accounted for only 1% of the total variability.
Discussion
China had a population of 1.37 billion by the end of 2014, which constitutes about one-fifth of the world's population [39] . The issue of unregistered children has been noted with its huge number and characters, such as descendants of floating population, unplanned births, female children, or adopted children [40] . Age assessment is necessary in many situations for people without birth registrations, such as children applying for social welfare and benefits, getting access to health care, education, or even employment, marriage registration, young criminals claiming to be underage, and so on. China is undergoing huge economic reformation, and establishments of special economic zones in southern part of China had seen high influx of economic migrants in this region. It is mandatory for the job seekers to provide documentary evidence of their age before employment and when absent, age estimation is conducted on these individuals. Because dental age estimation is a reliable method for the age estimation of children and emerging adults [29] , it is recommended in most circumstances. It is noteworthy that different ethnic groups may have different dental development characteristics [16, 41] ; therefore, the establishment of ethnic-specified reference datasets is necessary.
Noting that the UK and French-Canadian reference dataset for dental age estimation were inapplicable to the southern Chinese children [42, 43, 44] , specific dataset for the southern Chinese was established [17] . This dataset comprised a sample of 1,123 females and 1,183 males aged from 2 to 25 years. The established data were validated on southern Chinese using 484 participants (229 males and 255 females) from 2 to 25 years of age with an average of 10 participants in each age/ sex group [17] . Genetic and environmental differences between southern and northern China has led to many differences between the southern and northern population, including body stature, facial characteristics, and body fat ratio [45] .
On the other hand, the economic reform in China in recent decades has also
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fostered population transportation between northern and southern China. Both interbreeding and migration have actively narrowed the differences between northern and southern residents. Thus, it remains uncertain as to whether the southern Chinese dataset is applicable to northern Chinese. Such uncertainties make it necessary to validate the dataset developed for southern Chinese to northern Chinese before it can be used on northern Chinese.
The teeth on the left and right sides usually develop symmetrically; therefore, only the teeth on the left side were included in the dental age estimation, except for the third molars. Both left and right third molars were included in the assessment because third molar is the only tooth type still developing in young adults and their prevalence of hypodontia is higher. Teeth in stage H were not assigned any dental age because it is hard to determine the actual age of apex closure. This is also the reason why dental age estimation can only be performed on developing dentitions.
Close examination of the Bland-Altman plots revealed that points representing participants of older ages appeared more scattered around the line of mean difference than points representing younger participants. In line with this, Birchler et al. [46] found that dental age was estimated with higher level of precision for younger participants. Tomás et al. [47] reported that the predictive capacity of Demirjian decreased with age and the method was unable to predict age in adults.
Similarly, Urzel and Bruzek [48] cautioned age estimation for individuals aged over 14 years. Possible explanation for this may be that there are more developing teeth in younger individuals available for scoring, which allows age of younger participants to be better estimated. In addition, higher degree of variability in tooth development has been noted among older individuals, which may also account for the larger discrepancy between their chronological age and estimated age [49, 50] .
To improve accuracy of age estimation for older individuals, we included both upper and lower left permanent teeth as well as 2 contralateral third molars for age estimation.
The discrepancy between chronological age (CA) and dental age (DA) for older participants in this study may stem from the inherent inaccuracy in estimating age of older individuals using the Demirjian method. It may also be due to differences in temporal arrangement of tooth development between southern and northern Chinese. These two sources of discrepancy could not be disentangled in the present study. Further research comparing validity of the southern Chinese reference dataset applied to northern Chinese participants with teeth that cannot be evaluated and those with all teeth available for evaluation will help determine the relative contributions of the two sources of discrepancy. Although the two sources of discrepancy could not be distinguished in this study, the degrees of discrepancy between CA and DA for all age groups were within an acceptable range as shown by the small magnitude of absolute difference between CA and DA.
Our findings suggest that in spite of the differences in physical and dentofacial characteristics between northern and southern Chinese [25] , the two populations shared similar chronological patterns of dental development. This lends further support to the relative stability of using tooth developmental stage as a means of dental age estimation. However, several limitations of the present study bear noting. First, although the panoramic radiographs for this study were randomly selected, the sampling frame was patients attending a particular hospital rather than the total population. As a result, we were unable to completely rule out the possibility of selection bias. Caution should therefore be exercised when generalizing the present findings. Second, sample size for the age by sex categories was generally small. This resulted in relatively large boundary values for the 95% limits of agreement and SEM despite the small magnitude of absolute difference between CA and DA. Third, due to availability of the reference dataset, only the Demirjian's method of dental age estimation was used in the present study. Future studies establishing reference dataset for northern/southern Chinese based on other methods such as the Nolla's method [11] , modified Demirjian's method [10] , and the Cameriere's method [12, 13] are warranted.
Conclusion
Dental age for northern Chinese estimated from reference dataset developed on the basis of southern Chinese demonstrated high level of agreement and reliability compared with Chronological age. Although lower agreement was noted for participant in the older age groups, the discrepancies were within an acceptable range. Such findings suggest that reference dataset for southern Chinese could be employed for dental age estimation in the northern Chinese.
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